The infrared spectra (4000-100 cm " 1) of the a-form crystal of glycine (NH 3 -CH, -COO ") and of thirteen isotopic modifications comprising D, 13C, 1SN, and O were measured at 80 and 290 K. Excellent resolution was reached at the low temperature. In the low temperature spectra the fine structure of the nearly degenerate NH3 and ND3 antisymmetric deformational modes and the C02-torsional bands in the vicinity of 200 cm-1 for each of the isotopic molecules, which in the low-frequency region are strongly overlapped by a number of lattice modes, clearly showed up. Based upon the frequency data of the 14 isotopic analogs and the precisely known structure of the molecule, a normal coordinate analysis was carried out. 307 observed frequencies were utilized to derive a new empirical valence force field reduced to a set of 50 force constants by a number of restrictive assumptions. The resulting force field reproduced the 307 frequencies with a root-meansquare deviation of 3.32 cm-1. This force field emphasizes the importance of interaction force constants of the in-plane C 02-rocking and C 02-deformational coordinates with the CH2-twisting coordinate, which can come form a significant deviation of this molecule from an ideal Cs-symmetry. The composition of normal vibrations from generally accepted local-symmetry coordinates is given in terms of the potential energy distribution (PED). The PED results indicate that almost all the normal modes below 1600 cm' 1 are extensively intermixed group modes, thus precluding a simple normal vibrational decription. Interestingly the PED description for several vibrations associated with the NHj -CH2 -C fragment exhibits strong mixing between quasi-,4' symmetric and -A" antisymmetric coordinates with respect to a pseudo molecular symmetry (CCN) plane in this molecule.
Introduction
In a series of previous papers we have dealt with the infrared spectra and normal coordinate analyses of a set of molecules containing carboxylate groups, in cluding acetate [1] [2] , pyruvate [3] , and propionate [4] [5] . In these investigations we have introduced approximate force fields constrained according to the criteria proposed by Hollenstein and Günthard [6] , and have reported statistically well-determined sets of force constants from normal coordinate calculations. As a continuation of these studies we have investigated the infrared spectra of a-glycine.
The vibrational spectra of glycine have been the subject of a considerable number of investigations Reprint requests to Prof. Dr. M. Okamoto, Research Labo ratory for Nuclear Reactors, Tokyo Institute of Tech. Tokyo, Japan or Dr. M. Kakihana, Department of Physics, Chalmers University of Technology, c/o Prof. L. Torell. S-412-96 Göte-borg/Sweden (in Göteborg, till Sept. 1989 ). [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . The interpretation of the spectra and the loca tion of the modes are. however, controversial. Several normal coordinate calculations have been carried out for glycine and its deuterated analogs. In the early normal coordinate analyses reported by Baba et al. [20] and Suzuki et al. [7] , oversimplified five and seven body models, respectively, have been employed. Dwivedi et al. [15] and Randhawa et al. [16] evaluated a Urey-Bradley force field based on the frequencies of the parent species of glycine. Considering as well the frequencies of the N-deuterated analog, Machida et al. [18] employed a modified Urey-Bradley force field and discussed the effect of hydrogen bonding in this mole cule. Destrate et al. [13] reported a 39 parameter valence type force field, which was derived on the basis of the 15N and lsO frequency shift data as well as the data of the C-and N-deuterated analogs. However, the number of experimental frequencies used in all these earlier analyses is insufficient for determining a reliable molecular force field. In addition, except for the analy 0932-0784 / 88 / 0' 00-8 00 $ 01.30/0. -Please order a reprint rather than making your own copy. sis given by Machida et al. [18] , all these previous computations are based upon the simplifying assump tion that both the amino and methylene groups in glycine have tetrahedral configuration, which is far from the actual structure of this molecule [21] [22] ,
The present work has two objectives: (i) to obtain firm assignments for all fundamentals; (ii) to provide data for a more reliable determination of the force field of glycine. The present vibrational analysis is based upon an extensive set of empirical data, inlcuding infrared fundamental frequencies as measured at liquid nitrogen temperature, of 14 isotopic species: NH3 +CH2CO Cr (parent, d0), NH3 +CH213COO-(1-13C), NH3 +13CH2COCT (2-13C), 15NH3 +CH2COO-, NH3 +CH2C180 180 -, NH3 +13CH213COO", 15NH3 +13CH2C O Cr, NH3 +CD2COCr (C-d2), NH3 +13CD213COO-, ND3 +CH2C O ( r (N-d3), 15ND3 +CH2COO ND3 +CH213COO-, ND3 +CD2COCr (d5), and ND3 +13CD213COO". In Sect. A, some arguments about the vibrational as signment are briefly advanced in terms of qualitative empirical rules for group vibrations in combination with the isotopic shifts of the fundamentals. The normal coordinate analysis is reported in Section B. A large number of frequency data over the 14 isotopic species as well as the precise structural parameters reported by Jönsson et al. [21] are now used to allow a constrained potential function of glycine to be determined. Our calculation is based upon an isolated glycine molecule, i.e. only intramolecular terms are mathematically taken into consideration and strain from the intermolecular forces amongst the glycine molecules is neglected. Although the observed frequency data are rather com prehensive, a complete intramolecular force field could not be determined. The set of intramolecular force constants was therefore reduced by a number of restrictive assumptions, which are expected to be ac ceptable from a physical point of view. The approxi mate intramolecular force field thus constructed con sists of 17 diagonal and 33 off-diagonal terms, which were entered into a generally accepted force constant refinement routine to minimize the error between the observed and calculated frequencies. It will be finally shown that the inclusion of data from the heavy atom isotope (13C, 15N, lsO) modifications allowed us to estimate, with good accuracy, a number of relevant interaction force constants associated with the C -C, C -N, and C -O skeletons in this molecule.
Potassium bromide, paraffin liquid, and normal gylcine were obtained commercially (suprapur re agents, E. Merck Co. Ltd., Darmstadt). The 13C-, 15N-, 180-, and C-d2-labeled modifications of glycine were purchased from Merck Sharp and Dohme Canada Ltd. with 90-99% isotopic purity. The Ndeuterated derivatives were prepared by direct ex change with 99.7% D20 ; the initial non N-deuterated species were dissolved in D20 and kept at room tem perature for a few minutes. Then the crystals were obtained from evaporating the water. This procedure was repeated three times, a-form crystals of glycine were obtained by rapid evaporation of hot aqueous solutions. The infrared spectra were recorded on a Bruker IFS-113v FT-IR spectrometer in the 4000-100cm-1 region with a resolution of 0.5 cm-1. A liquid nitrogen cryostat equipped with KRS-5 or polyethylene windows, Model CF-1104 (Oxford In strument), was used for the low-temperature experi ments. Samples for the infrared spectra of N-deuterat ed species were prepared as nujol (paraffin liquid) mulls between KBr or polyethylene windows, and the records for the remaining samples were made with KBr pellets in the mid infrared range (4000-500 cm-x) and with nujol mulls between polyethylene windows in the far-infrared region (500-100 cm-*).
Experimental
Results and Discussion
A. Vibrational Assignments
The frequencies observed at 80 K for the parent and its thirteen isotopic modifications are listed in Tables  1-6 , along with their proposed assignments. Fine structures of complex overlapping regions were revealed by measuring the spectra at 80 K, making it possible to locate the fundamental frequencies with out ambiguity. This advantage of measuring spectra at the low temperature is demonstrated for the parent species in Fig. 1 , covering two interesting spectral regions, 1700-1250 and 600-100 cm-1. The v6, v7, vi3> v2i > and v24 bands, which were hardly discernible in the room temperature sprectrum, clearly showed up in the low temperature spectrum. Low temperature spectra are used throughout in this paper for the iden tification of absorption peaks. V/cm"1 Fig. 1 . Comparison of the IR spectrum of the a-form crystal of NH;CH2C00~ measured at 80 K (below) with that at 290 K (above).
I ---------1 ---------1 ______ . ______ I ______ . ______ I______ , 3300 3200 3100 3000 M/c»"1 Fig. 2 . N -H and C -H stretching region of the IR spectra of oe-NHj CH2COO~ (a), a-NH3 +CH213COO" (b), and a-15NH3 +CH2COO" (c) at 80 K. The final interpretation for the band assignments is indicated as symbols v, at the top of the spectra. Minor components resulting from factor-group splittings. Not used in the refinement procedure for the determination of the empirical force field.
An initial assignment of the fundamentals was carried out on the basis of the qualitative empirical rules available [23] and of comparisons with the earlier vibrational assignments [9, 13, 18] of glycine as well as of structurally related molecules such as sodium pro pionate [5] and alanine [24] [25] . The observed heavy atom isotope (13C, 15N, lsO) shifts of the fundamentals were quite useful to confirm or to revise the previous vibrational assignments. However, because of the general asymmetry of this molecule, it is very likely that many of normal modes are highly complex mix tures of group modes, so that the application of the empirical approach to establish the band assignments is restricted to specific regions in which the vibrations are good group modes. In what follows, a few remarks are made only on noteworthy or doubtful aspects of the vibrational assignments.
NH(D)-a n d CH(D) S tr e tc h in g R e g io n
In the region of 3300-2950 cm-1 for the parent species, a total of 5 fundamentals are expected to oc cur; three of them are due to NH3 stretching modes, and the other ones to CH2 stretching vibrations. An expanded section of the spectrum of the parent species is shown in Figure 2 a. Going from the high frequency side to the lower frequency side, one finds a strong and broad band (v^Vj) with a shoulder (v7 + v8), a weak band (v3), a sharp band (v4), and a ■ Glyci weak band (v5). The two antisymmetric NH3 stretch ing vibrations are expected to have higher frequencies, and thus the strongest band at 3152.2 cm-1 could be assigned to these modes (they could not be resolved in our experiment). The v1/v2 band has a shoulder at -3210cm-1, which is probably due to a Fermi reso nance with the combination tone of the NH3-deformation (v7) and c 0 2-stretching (v8) at 1617.5 and 1596.7 cm-1, respectively. The v3 band at 3058.2 cm 1 was tentatively assigned to the symmetric NH3 stretching fundamental. The assignments for the vj/v2 and v3 absorptions are supported by the finding that e~g Mean values of the respective factor-group doublets of (1544.7 and 1514.8 cm"1), (1414.2 and 1394.9 cm"1), and (1372. 8 and 1365.3 cm-1). -h Not investigated. Fig. 3 b) , and that the same band did practically not shift upon 13C-substitution of the carboxylate group (see Fig. 3 c) . On the other hand, several choices were possible for the location of the symmetric ND3 stretching vibration, which are the three bands at 2202.6,2184.5, and 2144.7 cm "1 for the N-d3 molecule showing frequency shifts of 10.8, 15.2, and 10.3 cm "1, respectively, upon 15N-subsitution (see Figure 3 b ).
Although the normal coordinate calculations dis cussed later prefered the first one (2202.6 cm "1), this choice has to be considered rather tentative.
The v4 and v5 bands at 3008.5 and 2972.8 cm "1 for the parent species underwent significant shifts to 2257.3 and 2164.5 cm "1, respectively, upon deuteration of the methylene group. The CD2-stretching region contains additional bands, as shown in Figure4. The band at 2233.9 cm "1 is to be assigned to the overtone 2 v13 in Fermi resonance with v4 and/or v5 (Fig. 4 a) . A rough estimation of the intensity pattern reveals that the overtone 2 v13 seems to borrow intensity from both the v4 and v5 modes. Fur thermore, the v5 normal mode has a counterpart at NH3 +CH,13COO- the lower frequency side. No corresponding band was observed in the Raman spectrum of this species [26] . In addition, an analogous splitting has not been indi cated in the spectrum of the 1,2-13C ,-C-d2 modifi cation (see Figure 4 b ). No explanation for this irregu larity can be presently given.
NH(D)3-, CH(D)
2-D e f o rm a tio n an d C 0 2-S t r e t c h i n g R eg io n Figure 5 presents the spectra of the parent, 1-13C, and 2-13C labeled species in the 1700-1200 cm "1 region, where a total of 8 fundamentals including three NH3-deformational, two C 0 2-stretching, and three CH2-deformational modes should occur. Of these, the assignment of the fundamentals due to the CO, stretching motions was assessed straightforward ly by taking into account the 13C-shifts of the vibra tional modes. The intense v8 band at 1596.7 cm "1 underwent a large (ca. 32 cm -frequency shift upon 13C-substitution of the carboxylate group, whereas the same band does practically not shift upon 13C-substitution of the methylene group. The inten sity of the band and the result of the 13C-isotopic shift strongly suggest that the v8 band has a considerable degree of antisymmetric C 0 2-stretching character. The vn band at 1416.6 cm-1 has experienced large shifts by ca. 19cm-1 and 6cm -1 upon ^-s u b stitution of the C 0 2 and CH2 groups, respectively, which leads us to assign this band to the symmetric C 0 2-stretching mode having a substantial degree of C -C stretching character.
NH3 bending modes form three fundamentals, one symmetric and two antisymmetric deformations, which yield infrared group frequencies around 1530 and 1620 cm "1, respectively. The bands at 1633.9 (v6) and 1617.5 (v7) cm "1 can be reasonably assigned to 15NH3 +CH2COO" the two antisymmetric NH3 deformational modes. On the other hand, the v9 band at 1532.6 cm-1 is assign able to the symmetric NH3 deformational mode. However, the same band shifts by ca. 9 cm 1 upon 13C-substitution of the carboxylate group, which sug gests that the v9 band may have an appreciable contri bution from antisymmetric C 0 2-stretching. The v9 band has an additional minor component at a lower frequency at about 1530 cm "1. This splitting is pre sumably due to the site-splitting resulting from differ ent crystal sites of glycine. The interpretation is sup ported by an often similar structure of the correspond ing bands in the spectra of other isotopic species. The remaining three bands at 1445.9 (v10), 1336.8 (v12), and 1315.3 (v13) cm-1 can be related to the CH2 vibrational motions, since these bands have dis appeared in the spectrum of C-deuterated glycine, as shown in Figure 6a . The 1445.9 cm-1 band (v10), which is reasonably assigned to the CH2-scissoring mode, shifts into the 1100-1000 cm "1 region of the spectrum of the C-d2 species, and exhibits a doublet structure with components centered at 1060.3 cm "1 and 1044.2 cm "1 ( Figure 6 a) . We tentatively assign the latter band to the CD2-scissoring vibration. The origin of the former band absorption is not well un derstood. One explanation for this band is that it arises from the overtone 2 v21 ( = 1059.2 cm "1) stand ing in Fermi resonance with the CD2-scissoring mode.
The 1336.8 (v12) and 1315.3 (v13) cm "1 bands, con ventionally regarded as pure CH2-wagging and CH2-twisting vibrations, respectively, seem to have contributions from several group modes in view of the following findings:
i) The pattern of the 13C-isotopic shifts observed for the v12 band was similar to that seen for the vlt band (approx. C 0 2-symmetric stretch + C -C stretching), suggesting a strong coupling between these bands (cf. Figure 5) .
ii) Deuteration of the amino group shifts these 1336.8 (v12) and 1315.3 (v13)cm _1 bands down to 1322.4 (v9) and 1268.4 (v10)cm -1 with a marked change in their relative intensities, as indicated in Figure 7 .
This later observation demonstrates that group coordinate compositions in the v12 and v13 modes can change strongly in response to the N-deuterion.
The three NH3-deformational modes (v6, v7, and v9) are expected to shift into the 1200 cm "1 region of the spectrum of the N-d3 species, and thus the strong bands at 1192.7 (vn ), 1181.6 (v12), and 1168.5 (v13) cm "1 seen in Fig.7a can be related to these vibra tional modes. By taking into account their relative intensities, the band at the highest frequency is as signed to the symmetric ND3-deformational mode, and the others to the antisymmetric ND3-deformational modes.
3. F a r -I n f r a r e d R e g io n Representative spectra (550-100 cm " of the parent, 180-, C-and N-deuterated species at 80 K are shown in Fig. 8 , where the 394.7 cm -1 band in the spectrum of the N-d3 species could not be detected in the corre sponding room temperature spectrum. In this spectral region, four fundamentals due to NH3-and C 0 2-torsional, C 0 2-rocking, and CCN-skeletal modes should occur. The v21 modes at 544.7 cm-1 for the parent species is sensitive to both the C-and Ndeuteration, shifting to 529.6 and 394.7 cm "1 in the spectra of the C-d2 and the N-d3 species, respectively (see Fig. 8 c and d) . Based upon this observation, we assign the 544.7 cm "1 band to the NH3-torsional mode having a substantial degree of CH2-rocking character. The v22 band at 506.9 cm-1 underwent a large frequency shift by 10cm-1 upon 1 ^-s u b stitution of the C 0 2 group, leading us to assign con veniently this band to a C 0 2-rocking mode. However, the same band also underwent frequency shifts of 34.5 and 14.4 cm "1 upon C-and N-deuteration, respec tively, which suggests that this mode is highly mixed combination of local vibrational modes associated with the amino and methylene groups. The v23 band at 364.3 cm""1, previously assigned to a CCN bending vibration, seems to correspond to an intimate mixture of several group vibrations, as demonstrated by the 27.3 cm-1 ND3-induced shift as well as the 10 cm-1 shift upon 180-subsitution of the CO group. The as signment of the remaining C 0 2-torsional mode is based upon the arguments given by Machida et al. [18] [19] , and thus the absorptions at 238.4 and 217.2 cm-1 are considered to have dominant contri butions from the C 0 2-torsional mode, whereas the absorption below 200 cm-1 might be considered as lattice vibrations. Support for this assignment comes from the 8.2 cm-1 shift of the 238.4 cm-1 band and the 6.0 cm-1 shift of the 217.2 cm-1 band in the spec trum of the lsO-labeled species (see Figure 8 b) .
In oder to resolve the ambiguous part of the assign ment described in this section and to obtain a more reliable description of the normal modes in terms of group modes, a normal coordinate analysis was carried out, see next section.
B. Normal Coordinate Analysis
A normal coordinate analysis (NCA) was carried out based upon Wilson's GF-matrix formulation [27] , Our computer programs allowed us to calculate Wilson's G-matrix elements, the solution of secular equations, and the best values of force constants through an iterative procedure. Details of the numeri cal calculations are given below.
S t r u c t u r e a n d I n te r n a l C o o r d i n a t e s
The G-matrix was calculated by using the struc tural data obtained by the precise neutron diffraction study on a-glycine [21] . Figure 9 represents a schematic structural view of the a-glycine molecule. Of particular important is the fact that the atoms 0 4, 0 5, and H8 deviate significantly from the Cx -C2 -N 3 plane, and thus the a-glycine molecule has no symmetry element. The geometrical parameters of a-glycine employed in this calculation are listed in Table 7 , where the sym bols and numbering of the atoms are in accord with the notations given in Fig. 9 , and the notation t indi cates the torsional angles of the skeletal atoms. Figure 9 also gives the definition of stretching and bending internal coordinates used in this work. On the assumption that the atoms C2, C 1? 0 4, and 0 5 are coplanar, two C 0 2-rocking coordinates, which are in-plane and out-of-plane with respect to the C -C 0 2 plane, are introduced: i) the in-plane C 0 2-rocking coordinate (y) defined as the angle between the C i-C2 bond and the line bisecting the angle 0, i.e. y = (\/2)(</> -ij/); ii) the out-of-plane C 0 2-rocking coordinate (77:) defined as the angle between the C t -C2 bond and the O -C -O plane.
I___________ I ___________ I ___________ I___________ I 1500 1400 1300 1200 1100 V/cm"1 Fig. 7 . Effect of N-deuteration on the IR spectrum of d0 species; the 1500-1100 cm 1 region of the IR spectra of a-ND3 +CH2COO (a) and a-NHjCHjCOO" (h) at 80 K. The final assignments for fundamentals are indicated as symbols vf.
ered to be lattice modes. The final interpretation for the band assignments is indicated as symbols v,. In the equilibrium state of a-glycine, the angle n is 0° to a very good approximation [21, 22] .
The torsional coordinates associated with the C 0 2 and NH3 groups are chosen as linear combinations of all possible four mass-torsional coordinates as follows: where the subscripts correspond to the numbering of the atoms given in Figure 9 . In spite of the general asymmetry of the glycine molecule, we introduce several local-symmetry coordinates as given in Table 8 . In order to remove two redundant coordinates in volved within the bending internal coordinates asso ciated with the NH3-and -CH2-groups, appropriate linear combinations of these internal coordinates are required. In constructing the nonredundant set of localsymmetry coordinates, the distorted tetrahedral con figuration around the amino and methylene groups was taken into consideration, as demonstrated by the correction (non-unity) coefficients introduced into these local-symmetry coordinates (see Table 8 ). Generally accepted local-symmetry coordinates involving the N -H, C -H, and C -O stretching internal coordi nates were also introduced in order to make it easier to compare our work with previous studies on glycine.
■Glycine 787 Geometry at equilibrium according to [21] , b Symbols are in accord with the notations given in Figure 9 . c The clockwise torsion angle between the N3C2C! plane and the C^CjO^^ plane. d The clockwise torsion angle between the NjC^Cj plane and the h 6(7)C2C[ plane. e The clockwise torsion angle between the NjCjC^ plane and the h 8(9 10)N3C2 plane.
2. C o n s t r a i n t s to th e G e n e r a l V alence F o rc e F ie ld a n d NCA R e s u lts
The overall potential function of glycine crystal is quite complicated owing to the presence of a large number of intra-and intermolecular terms. Because of the lack of frequency data below 100 cm-1, we were forced to remove the intermolecular terms from the mathematical expression of the potential function. Therefore, note that the force field derived from the observed frequencies is not free from intermolecular interactions amongst glycine molecules.
Since the glycine molecule has no overall symmetry, its intramolecular general valence force field involves 300 parameters. Our experimentally determined fre quency data were not sufficient to determine the 300 force constants, and thus a number of constraints were imposed on the force field. The scheme of constraints used for the present molecule is very similar to that proposed by Hollenstein and Günthard [6, 29] , The following criteria are shomewhat specific for the glycine molecule: ■ Glycin i) Since the NH3 torsional motion would practically not be separated from its neighboring higher frequen cy modes, the interaction constants of At2 with An and 7t(NH3) are taken into consideration.
ii) A redundant set of force constants associated with the NH3-group was introduced according to the convention used by Hollenstein and Günthard [28] . On the other hand, an independent set of force con stants refering to the local-symmetry coordinates of the CH2-scissoring (Ss), -wagging (Sw), -twisting (St), -rocking (Sr), and CCN-bending (Sb) motion was cho sen. In introducing potential constants associated with these local-symmetry coordinates, exceptions are the interaction constants of AO with zlSs and which were not taken into consideration in the case of propionate ion [5] .
iii) Several local-symnmetry approximations were employed: a) C2v for -C 0 2, b) C3v for -NH3, c) Cs for NH3 -CH2 -C, i.e. interaction constants between quasi-/!' symmetric and -A" antisymmetric coordinates with respect to the pseudo molecular symmetry (C -C -N) plane are omitted (cf. Figure 9 ). In addition, interaction force constants of AO and of Ay with the quasi-/!" coordinates except for yt(CH2) are omitted. iv) Within the N -CH2 -C fragment, interaction force constants of Amx were assumed to be equal to the corresponding constants of Am2.
The application of these assumptions left 50 force constants, 17 of which being diagonal force constants. A choice of initial values of the force constants was carried out both by comparison with structurally related molecules [5, 25, 29] and by reference to earlier investigations [13, 18] . These force constants were reFined simultaneously to fit a total of 307 experimental ly determined frequencies by least-squares iterative procedure. The observed frequency data are distribut ed amongst 14 isotopic analogs of the glycine mole cule, and the individual frequency choice made for each isotopic molecule can be extracted by inspection of Tables 1-6 . The final set of refined force constants assocciated with the internal coordinates are given in Table 9 . This strictly empirical potential function re produces the experimental frequencies with a rootmean-squares (rms) deviation of 3.32 cm-1. The nor mal vibrational frequencies of the parent and its deuterated derivatives calculated from the empirical Table 8 . Local symmetry coordinates for a-glycine.
Symmetry coordinate
Notation Description (\jj6)(2Arl -A r2-A ri) (\/^2)(Ar2-A r3) (1/^/3 ! + Ar 2 + Ar 3) (1 lj2)(A hi-A h2) (\t sj2)(Ahl 4-Ah 2) (1/^/2 )(AS1-AS2) (l/y/2)(As, + As2) Aml Am2 (l/v /6)(2a Aa1 -b A(x2-c z)*3)a (\l^2)(bA«2-cAoL3y (\/y/6)(aA<x1 + b Aa2 + cAoc3 -dAßt-eAß2-fA ß 3)a (1 lj6)(2dAßy-eA ß2-fA ß3V Primed quantities follows the convention given in [28] .
D is c u s s io n
This section brings a brief discussion in reference to assignments and the constrained force field.
a) Additional Comments on Vibrational Assignments
The reporduction of the 307 input data is satis factory (rms deviation 3.32 cm "1), with only few excep tions. Several relatively large differences between cal culated and observed values occur especially for the NH(D) and CH(D) stretching frequencies, which may be attributed to appreciable anharmonicity in these vibrational modes. For the C-d2 species (Table 2) , the respective observed frequencies of 1643.7 and 1619.6 cm "1 for v6 and v7 are slightly high in comparison with the corresponding frequencies of 1633.9 and 1617.5 cm "1 for the parent species (Table 1) . These frequencies are probably forced up by Fermi reso nance with the overtone 2v18 = 1606 c m " S u c h modes involved in strong Fermi resonance were not included in the frequency data base. ■ Glycin
The following particular aspects concerning the relation between normal coordinates and locarlsymmetry coordinates are worth while to mention.
i) The higher frequency vibrations above 1600 cm "1 appear to be reasonably pure in character. However, as demonstrated by PED descriptions for several NH(D)3-stretching and -deformational frequencies, strong mixing is pronounced between quasi-/!' sym metric and -A" antisymmetric coordinates: e.g. a) the v6 normal mode for the parent species corresponds to a complicated vibration containing PED contribu tions of 48% from the quasi-4" <5;s(NH3) and 45% from the quasi-/!' < 3as(NH3) (cf. Table 1 ), ß ) the v2 nor mal mode for the d5 species has a substantial degree of the quasi-/!" vas(ND3) character, but the same mode contains a PED-contribution of 10% from the quasi-,4' vas(ND3) coordinate (see Table 4 ).
The appreciable departure of the structural param eters for the NH3 -CH2-portion from a local (^-sym metry is reflected in a large number of G-matrix crossterms between quasi-/!' and -A" local-symmetry coor dinates. This can result in a considerable amount of mixing between quasi-/!' and -A" coordinates in spite of the introduction of the Cs local-symmetry con straint to the potential constants associated with the NH3 -CH2-moiety (cf. constraint iii) in the preceding section).
ii) Almost all normal modes bellow 1600 cm "1 are extensively intermixed group modes, as can be seen from the PED given in Tables 1 -4 ; the compositions varying strongly from species to species. The following is of particular interest: a) In NH3CH2COO", the methylene scissoring vibration, <5(CH2), is involved essentially in one funda mental, v10, whereas the quasi-/!' methylene wagging mode, }'w(CH2), makes the respective PED contribu tions of 20, 18, 57 and 12% to the vn , v12, v13, and v22 normal modes, furthermore strongly mixed with the quasi-v4" CH2 twisting mode, yt(CH2), except for vlx (see Table 1 ). The PED in the v12 and v13 normal modes at 1336.8 and 1315.3 cm-1 would require a revision of the traditional descriptions for these ab sorptions as the methylene-wagging and -twisting vibrations, respectively. The corresponding normal modes in ND3 CH2COO" might be located in the 1322.4 (v9) and 1268.4 ( v10) cm bands, respectively. However, the composition of group coordinates was found to change strongly from the parent to the N-d3 species (compare v12/v13 in Table 1 with v9/v10 in Table 3 ). This change of mixing is reflected in a marked difference in the band contour between the v12/Vj 3 bands of the d0 species and the v9/v10 bands of the N-d3 species (cf. Fig. 7) .
ß) The PED in NH3 +CH2COO~ indicates exten sive dispersion of the fingerprint C 0 2-deformational (<5(C02)) and in-plane C 0 2-rocking (yin(C 0 2)) coor dinates, making it difficult to specify any one band to these motions. The latter coordinate seems to couple intimately with the CH2-twisting vibration (yt(CH2)), as demonstrated by the PED of v19, v20, v22, and v24 (see Table 1 ). Such coupling is also noticed for v19, v21, and v22 in NH3CD2COO~, for v19 -v21 in ND3 +CH2COO , and for v21 in ND3 +CD2COO" (see Tables 2-4) .
y) The PED in NH3 CH2COO~ shows the skeletal C -C stretching coordinate (v(CC)) to be evenly dis tributed among the vn , v18, v20, and v23 bands, and it is difficult to specify one band as the v(CC) mode, although the v18 band at 897.2 cm-1 may be consid ered as characteristic for this motion. Similarly, the skeletal C -N stretching coordinate (v (CN)) is spread over a number of frequencies in the d0, C-d2, N-d3, and d5 species, but a substantially higher PED contri bution of 54% from v(CN) should be noted for the v16 band at 1036.9 cm "1 in the d0 species (see Table 1 ).
b) Empirical Valence Force Field
The potential function employed in this study does not include intermolecular interaction terms such as due to the hydrogen bonding network in the glycine crystal. Therefore the present potential function should be considered to be strictly empirical. Howev er, our empirical force field is of practical value in view of the transferability of force constants to more com plicated molecules. The following views are worthy of a brief discussion (see Table 9 ). i) A statistically well-defined set of force constants has been found through the least-squares refinement computation with only few exceptions. Among the interaction force constants, /cr, km, and f mje turned out to be indeterminable from our experimental data; i.e. the magnitude of these force constants was smaller than their statistical dispersion, that is they are not significantly different from zero.
ii) An inspection of the values given in Table 9 reveals that most of the interaction force constants are evidently different from zero. The inclusion of the characteristic frequencies from the 13C-, 15N-, and 180-labeled species is essential for the determination of the empirical force field and might increase the precision of important force constants associated with the heavy atom skeleton. A number of previously un certain or undetermined parameters, most notably force constants relating to the C -C \ q fragment, are included in our empirical force field. It is of particular interest that the possible presence of 7t-electron delocalization in the -C^q group is manifested in the very high positive values of the CO-str./CO-str. and CO-str./OCO-bend interaction force constants (see the values of ks and fs9 in Table 9 ). Similarly large values for such types of interaction force constants have been reported for the formate [30] , acetate [2] , pyruvate [3] , and propionate [5] ions.
iii) The effect of hydrogen bonding in this molecule may be reflected particularly in force constants associated with the -C 0 2 and -NH3 groups. For example, the diagonal force constants Hy, Hu , and Ht , corresponding to the C 0 2 in-plane rocking, CÖ 2-and NH3-torsional coordinates, have the re spective large values of 5.5312 x 10-9, 0.6650 x 10"9, and 0.6793 x 10"9 N nm. iv) Since the two oxygen atoms in the carboxylate group are significantly out of the NCC plane, it is necessary to take into account particular interaction force constants of the in-plane C 0 2-rocking (y) and C 0 2-deformational (0) coordinates with several (quasi-,4") coordinates such as CH2-twisting and -rocking coordinates. A detailed search for a set of such interaction force constants allowed us to choose two particular parameters, hySt and h9si. Removal of these force constants with a subsequent force field refinement led to a drastic increase in rms deviation to 6.0 cm-1 from its initial 3.32 cm-1. This result indi cates that the interaction constants of the CH2-twisting coordinate with the C 0 2 in-plane rocking and C 0 2 deformational coordinates play an important role in reproducing the observed frequencies. These interactions are appreciable in the PED for the glycine isotopomers (cf. Table 1 -4) in which strong couplings between the methylene twisting and C 0 2 in-plane rocking modes are particularly evident.
Concluding Remarks
In this paper we have presented IR fundamental frequency data for 14 isotopomers of a-glycine. The fine structure of complex overlapping regions was revealed by measuring the spectra at 80 K. The low temperature measurement in combination with heavy atom (13C, 15N, and lsO) isotopic shifts were often useful in elucidating vibrational assignments for some fundamentals of a-glycine. A total of 307 frequency data over the 14 isotopic species allowed us to deter mine a set of force constants constructing an empirical potential function for a-glycine. In spite of our con siderable success in reproducing the observed fre quencies, the reported description of the molecular motions in the normal modes in terms of a potential energy distribution remains somewhat uncertain since our empirical force field contains no intermolecular force terms. None the less, the present empirical force field, which is certainly much more reliable than earlier ones, should be helpful in future studies of the vibrational spectra of glycine.
